A facile method to obtain a thermoreversible physical hydrogel was found by simply mixing an aqueous sol of a block copolymer with a precipitate of a similar copolymer but with a different block ratio. Two ABA-type triblock copolymers poly(D,L-lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(D,L-lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) were synthesized. One sample in water was a sol in a broad temperature region, while the other in water was just a precipitate. The mixture of these two samples with a certain mix ratio underwent, however, a sol-to-gel-to-precipitate transition upon an increase of temperature. A dramatic tuning of the sol-gel transition temperature was conveniently achieved by merely varying mix ratio, even in the case of a similar molecular weight. Our study indicates that the balance of hydrophobicity and hydrophilicity within this sort of amphiphilic copolymers is critical to the inverse thermal gelation in water resulting from aggregation of micelles. The availability of encapsulation and sustained release of lysozyme, a model protein by the thermogelling systems was confirmed. This "mix" method provides a very convenient approach to design injectable thermogelling biomaterials with a broad adjustable window, and the novel copolymer mixture platform is potentially used in drug delivery and other biomedical applications.
Introduction
Over the past decade, much work has been done on stimulusresponsive polymers and their applications in biochemistry, biomedicine, and related fields. [1] [2] [3] [4] [5] [6] [7] [8] Especially, stimuli-sensitive gelling polymers [9] [10] [11] [12] [13] [14] [15] or in situ forming hydrogels [16] [17] [18] [19] [20] have attracted wide attention as potential injectable implant systems with minimal invasiveness. Such a system enables drugs or cells to be simply mixed with the aqueous copolymer solution at low temperatures and then form a semisolid matrix after injection into the body at a target site. Triblock copolymers poly(ethylene glycol-b-propylene glycol-b-ethylene glycol) (PEG-PPG-PEG), called Pluronic (BASF) or Poloxamer (ICI), have been studied by many researchers as an inverse thermogelling polymer. 21, 22 However, the drawbacks of nonbiodegradability and rapid erosion of the gel after administration limit their utility in biomedical applications to a certain extent. Considerable efforts have been devoted to incorporating biodegradable segments into polymers aiming at designing biodegradable thermogelling copolymers. The block copolymers composed of PEG/PLGA, 23, 24 PEG/poly(caprolactone), 25, 26 PEG/poly(propylene fumarate), 27 PEG/poly(propylene glycol)/polyester, 12, 28 PEG/peptide, 29 chitosan/glycerolphosphate, 30 and poly(phosphazenes) 31 are typical thermosensitive biodegradable copolymers exhibiting sol-gel transitions in water with increase of temperature. Among thermogelling polymers, PEG/polyester copolymer hydrogels have been successfully applied in drug delivery, cell therapy, tissue regeneration, and wound healing [32] [33] [34] due to their biocompatibility and long persistence in the gel form in vivo.
Recently, many researches focused on exploiting novel thermogelling copolymers by varying their compositions or structures. [35] [36] [37] [38] [39] [40] Vermonden et al. developed thermosensitive hydrogels based on poly(N-(2-hydroxypropyl) methacrylamide lactate)-b-poly(ethylene glycol)-b-poly(N-(2-hydroxypropyl) methacrylamide lactate) (PHPMAm lac -PEG-PHPMAm lac ) triblock copolymers. 36 The copolymers can become soluble in physiological conditions following the hydrolyzation of lactate groups which linked with the HPMAm monomers. However, the soluble copolymers are difficult to be further degraded and cleared up in the body due to their high molecular weights (MWs). Madsen et al. exploited thermogelling poly(2-hydroxypropyl methacrylate)-b-poly(2-(methacryloyloxy) ethyl phosphorylcholine)-b-poly(2-hydroxypropyl methacrylate) (PHPMA-PMPC-PHPMA) triblock copolymers. 38 The degradation comes from the cleavage of a disulfide bond in the center of the middle block, and the degradation products are two diblock copolymers. While the composition is rather new, the degradation rate is not easy to be controlled in medical applications and the degraded products are hard to be further degraded. Jeong et al. reported that thermogelling PEG-g-PLGA and PLGA-g-PEG graft copolymers can be promising carriers for protein and cell delivery. 35 While their molecular design leads to synthesis complication, they extended the architecture of thermogellable copolymers and confirmed their potential medical applications based on an animal model. Hao and co-workers described thermogelling poly(ε-caprolactone-co-D,L-lactide)-b-poly(ethylene glycol)-b-poly(ε-caprolactone-co-D,L-lactide) (PCLA-PEG-PCLA) triblock copolymers. 37 Their degradable products showed relatively low acidity while the degradation was relatively long. Ohya and co-workers synthesized partially cholesterol-substituted 8-arm PEG-b-PLLA copolymers. 39 The main advantage of this injectable hydrogel is its high mechanical strength to act as a cellular scaffold. In our preceding researches, a surprising end-group effect on macroscopic physical gelation of PLGA-PEG-PLGA triblock copolymer aqueous solutions has been found, 40 which revealed that an end-capping approach could be employed to obtain novel thermosensitive hydrogels. The inverse thermogelling in all of these amphiphilic block copolymer systems originates from a subtle balance of hydrophilicity and hydrophobicity. However, the feasible composition is very limited, which restricts its application to a large extent. For instance, only a narrow regime of MW and composition of PEG/PLGA block copolymers could be selected to prepare a thermogelling material, because a bit different MW or block ratio might lead to just a sol or a precipitate throughout the biologically important temperature range. 41 Even though PEG/ PLGA block copolymers with appropriate compositions exhibit thermoreversible transition behaviors, the adjustable composition window is narrow. Based on the central PEG block with MW of 1000, a series of PLGA-PEG-PLGA triblock copolymers were synthesized in our previous work and the sol-gel transition temperature increased from about 10 to 25°C by varying the PEG/PLGA ratios from 1/2.8 to 1/2.1. 42 Similar reports could also be seen in the literature by other groups, for instance, Singh et al. 43 The gel window is very important, because a sample with a low sol-gel transition temperature is difficult to handle and inject, whereas a sample with a sol-gel transition temperature higher than the body temperature cannot be gelled after injection. Different block ratios as synthesized in this paper might even lead to loss of thermogelling ability.
In this study, we put forward a convenient approach to broaden the gelling window of the corresponding polymers by finding that a simple mixing of a sol and a precipitate might lead to a reversible sol-gel transition and the gelation temperature in a biologically important temperature region is easily adjusted by mix ratio. While these sols or precipitates alone are unsuitable for encapsulation of drugs or cells, their mixtures might, if exhibiting sol-gel transition in water and the gelling temperature is between the body temperature and the refrigerator temperature, be a promising candidate for injectable delivery systems because drugs or cells could be dispersed in sols and entrapped after injection. Meanwhile, such a chemical-reactionfree approach is very meaningful for medical applications, because any "minor" chemical modification must lead to tedious efforts in warrant of an implantable material. Moreover, this finding is also helpful for elucidating the underlying mechanism of the physical gelation of amphiphilic block copolymers in water, which remains as a challenging fundamental problem in this field. At last, lysozyme was used as a model protein to examine whether or not the thermogelling mixture systems could encapsulate and deliver biological substance such as proteins in a biologically active form for a long duration.
Experimental Section
Materials. Poly(ethylene glycol) (PEG; MW 1000 and 1500) and stannous 2-ethylhexanoate (stannous octoate, 95%) were purchased from Sigma. DL-Lactide (LA) and glycolide (GA) were acquired from Purac and used as received. Lysozyme and Micrococcus lysodeikticus (M. luteus) were purchased from Sigma. All other chemicals were of reagent grade and used as received.
Synthesis of PLGA-PEG-PLGA. Triblock copolymers PLGA-PEG-PLGA were prepared following typical ring-opening polymerization of lactide and glycolide using PEG as initiator. The detailed procedure has been described by our previous papers. 34, 42 In this study, using two PEG blocks (MW 1500 and 1000) and a given LA/GA ratio (4/1), a couple of PLGA-PEG-PLGA triblock copolymers with the PEG/ PLGA ratios of 1/1.7 and 1/3.1 were synthesized and studied. NMR Measurements. 1 H NMR (in CDCl 3 ) measurements were performed on a 500 MHz 1 H NMR spectrometer (Bruker, DMX500 spectrometer) to confirm the chemical structure and composition of the copolymers. 44 13 C NMR was also performed to observe the spectral change of copolymer (20 wt % in D 2 O) at varied temperatures. The solution temperature was equilibrated for 20 min before measurements.
Gel Permeation Chromatography Characterization. Molecular weights and their distributions of copolymers were determined by gel permeation chromatography (GPC, Agilent1100) equipped with a differential refractometer as detector. GPC measurements were performed at 35°C in THF as eluent at a flow rate of 1.0 mL/min. The MWs were calibrated with polystyrene standards.
Determination of Sol-Gel Transition. The test tube inverting method 45 was used to determine sol-gel transition temperatures. Each sample with a given concentration was prepared by dissolving the polymer in distilled water in a 2 mL vial and stored at 4°C. The vials with 0.5 mL polymer solutions were immersed in a water bath and allowed to reach equilibrium. The sample was regarded as a "gel" in the case of no visual flow within 30 s by inverting the vial with a temperature increment of 1°C per step.
Rheological Analysis. The sol-gel transition of the copolymer aqueous solutions were also investigated on a strain-controlled rheometer (ARES Rheolometric Scientific) using a Couette cell (Couette diameter, 34 mm; bob diameter, 32 mm; bob height, 33.3 mm; bob gap, 2 mm). Cold polymer solutions were transferred into the Couette cell and carefully overlaid with a thin layer of low-viscosity silicone oil to minimize solvent evaporation. During temperature sweep experiments, appropriate strain amplitude was set according to preliminary tests to get both the linearity of viscoelasticity and sufficient torque for data collection. Temperature was played with an accuracy of (0.05°C by an environment controller (Neslab, RTε-130). The heating rate was set at 0.5°C/min, while the angular frequency ω was set at 10 rad/s.
Determination of Critical Micellization Concentration (CMC).
The CMC values were determined by the solubilization method of a hydrophobic dye, 1,6-diphenyl-1,3,5-hexatriene (DPH) at 25°C. The hydrophobic dye solution in methanol (50 µL at 0.4 mM) was injected into an aqueous polymer solution (5 mL) with concentrations ranging from 0.001 to 0.2 wt % and equilibrated overnight at 4°C. A UV-vis spectrophotometer was used to obtain UV-vis spectra in the range of 280-420 nm. The CMC value was determined by the plot of the difference in absorbance at 378 and 400 nm (A 378 -A 400 ) versus logarithmic concentration.
Dynamic Light Scattering. Dynamic light scattering (DLS) was performed with a light scattering spectrophotometer (Autosizer 4700, Malvern) using a vertically polarized incident beam at 532 nm supplied by an argon ion laser. The measurements were made at the scattering angle of 90°. Before each measurement, the sample was treated through a 0.45 µm filter (Millipore) to remove dust. The hydrodynamic radius of particles was calculated following the Stokes-Einstein equation. The intensity-intensity time correction function was analyzed by the CONTIN method.
In Vivo Gel Formation. Sprague-Dawley (SD) rats were anesthetized by inhalation of dimethyl ether. Briefly, rats were enclosed in a 1 L beaker and a tampon saturated by dimethyl ether was added. The rats continuously inhaled the gas of dimethyl ether until anesthetized. Then, 0.5 mL of a Mixture-1 aqueous solution (25 wt %) was subcutaneously injected into dorsal areas of rats with a 23-gauge needle. The animal experiments adhere to the "Principles of Laboratory Animal Care" (NIH publication #85-23, revised 1985). Photographs were taken in surgery at 48 h after the subcutaneous injection into the rats.
In Vitro Release of Lysozyme. The thermogelling mixture was dissolved in water at room temperature to make a 25 wt % solution. Lysozyme powder was loaded to a concentration of 20 mg/mL. Then 1.0 mL of formation was placed into a test tube and incubated at 37°C
. After 10 min, 8 mL of phosphate buffer saline (PBS) solution (pH 7.4) containing NaN 3 (0.025%, w/v) was added to the test tube as release medium. The tube was shaken at 50 rpm for the entire period of study. At sampling times, the release medium was withdrawn and replaced immediately with fresh buffer to keep the sink condition. The amount of lysozyme in the release medium was determined by UV-vis assay at 280 nm associated with the characteristic absorption peak of lysozyme in PBS solutions. The UV absorbance of the release media of drug-free hydrogels at each associated degradation time was taken as blank control. The amount of lysozyme in the released sample was obtained from the standard curve.
Examinations of Bioactivity of Lysozyme by Enzyme Activity Assay. The activity of lysozyme was detected by the M. luteus assay. 46 Briefly, 10 mg of M. luteus stock suspension was put in phosphate buffer (30 mL, pH 6.24) and vigorously shaken, and then a minor addition of the bacterium or the buffer was used to adjust A 450 , the optical density at 450 nm of the suspension about 1.30. A 2.5 mL of this M. luteus suspension was transferred into a spectrophotometer cell and a portion of a diluted lysozyme sample with a known initial concentration of enzyme was added. The rate of decrease of A 450 was monitored by a UV spectrophotometer during the total incubation period (4 min) at 25°C. An appropriate dilution was chosen to achieve a linear relation of absorbance change versus time, and usually the underlying slope S 450 is between 0.02 ∼ 0.04 min -1 . One unit of enzyme activity (EU) is defined as 0.001/min of absorbance change under the conditions employed. 47 Set the weight concentration of lysozyme after dilution as C lyso and the volume as V (0.5 mL in our experiments), the specific activity of lysozyme was calculated by
Unpaired Student t-test was employed to estimate significant difference between two groups with p < 0.05 as criterion.
Results and Discussion
Synthesis and Characterization of PLGA-PEG-PLGA Triblock Copolymers. PLGA-PEG-PLGA triblock copolymers were synthesized via the ring-opening polymerization of DL-lactide and glycolide using PEG with the terminal hydroxyl groups as initiator in the presence of stannous octoate as catalyst. The PLGA-PEG-PLGA triblock copolymers used in this research are listed in Table 1. 1 H NMR spectrum of PLGA-PEG-PLGA triblock copolymers along with their chemical structure is shown in Figure 1 . The peaks at 5.20 and 1.55 ppm were assigned to a methine proton and methyl protons of the LA units, respectively. The peaks at 4.80 and 3.60 ppm were attributed to methylene protons of the GA units and PEG, respectively. The methylene proton of PEG neighboring the PLGA block appeared at 4.31 ppm. Following the previous report, 44 the peaks at 4.80, 3.60, and 1.55 ppm were used to calculate the number average MW of the PLGA-PEG-PLGA triblock copolymer. Both PLGA-PEG-PLGA triblock copolymers we synthesized showed similar total MWs. GPC was further performed to determine MW and its distribution. The GPC traces of both copolymers were unimodal with a polydisperse index (M w /M n ) less than 1.27 (Figure 2 ), indicating that polydispersity is sufficiently low to study their physical properties. Interestingly, the GPC trace of the mixture of Copolymer-1 and Copolymer-2 (the mix ratio: 1/1, Mixture-1) was still unimodal due to very close MWs of the two polymers.
Temperature-Induced Sol-Gel Transition of the Copolymer Mixtures. Although Copolymer-1 and Copolymer-2 used in this study showed similar total MWs, they exhibited extremely different aqueous behaviors: Copolymer-1 was soluble in water and no sol-gel transition was observed following the increase of temperature, while Copolymer-2 was too hydrophobic to be soluble in water in a biologically important temperature region (from 4 to 50°C). However, their mixtures with appropriate ratios were found to be well-dissolved in water and exhibit inverse thermal gelation upon an increase of temperature. This interesting finding incidates that the hydrophilic Copolymer-1 can enhance the solubility of the hydrophobic Copolymer-2 in water. The physical mixing leads to a temperature-induced sol-gel transition due to the elaborate balance of hydrophobicity/hydrophilicity. Figure 3 shows the phase diagrams of the mixture aqueous solutions, which underwent sol-gel-sol (suspension) transition upon heat stimulus. The state "sol (suspension)" indicates that a gel is first disrupted into a flowable suspension and eventually polymers are precipitated. Although the gel-sol (suspension) 
Mixing a Sol with a Precipitate Leads to a Hydrogel
Biomacromolecules, Vol. 10, No. 6, 2009 1549 transition temperatures were rather sensitive to polymer concentration, the sol-gel transition temperatures seemed relatively less sensitive to concentration in the gel window, which is different from PEG/PCL system. 25 Sol-gel transition temperature, gel window width, and critical gelation concentration (CGC) are the key parameters which should be taken into consideration in designing an in situ gelling biomaterial, and all of the information could be known from Figure 3 . The sol-gel transition temperature increased more than 10°C and the CGC decreased from 14 to 7 wt % as the mix ratio of Copolymer-1/Copolymer-2 decreased from 2/1 to 1/2; accordingly, the height of the gel window significantly increased as well. Our studies indicate that the sol-gel transition temperature could be well-tuned in a physiologically important temperature range (25-45°C) by merely changing the mix ratios of the two copolymers, which were, albeit of similar MWs, originally a sol and a precipitate.
The viscosity and storage modulus of samples with the indicated mix ratios as a function of temperature are shown in Figure 4 . Although the viscosity (η) of Copolymer-1 increased upon heating, its maximum value was only a bit more than 1 Pa · S in the whole temperature range measured. So, the change in viscosity of Copolymer-1 was not significant enough to form a macroscopic hydrogel upon the increase of temperature. In contrast, while the viscosities of the mixtures were all less than 0.01 Pa · S at low temperatures, the changes in the viscosities of the mixtures spanned more than 3 orders of magnitude with increase of temperature, indicating a sol-gel transition. The sol-gel transition temperature varied depending on mix ratio. Following the decrease of the ratio of Copolymer-1/Copolymer-2, the maximum value of viscosity increased while the sol-gel transition temperature decreased. The storage modulus changed in a similar way of viscosity.
The viscosity in the sol state was sufficiently low for an easy formulation of polymer. The gel phase of Mixture-1 observed at about 37°C further confirmed that it could serve as a promising injectable biomaterial. A subcutaneous injection of Mixture-1 into SD rats was thus performed, and we found that injection could be well-performed even using a very thin needle of 23-gauge. The rat experiments confirmed the availability of in situ gel formation after injection, as shown in Figure 5 .
Micellization and the Proposed Hierarchical Structure of the Gel. The sol-gel transition might be attributed to aggregation of micelles instead of a "straight-forward" gel formation from molecules. Amphiphilic block copolymers are, as usual, self-assembled into core-corona-like micelles in water. The formation of the core-corona structure in water could be determined by the hydrophobic dye method in the presence of polymer. The hydrophobic dye partitioned into a hydrophobic domain such as the core of a micelle showed stronger absorbance at 337, 356, and 378 nm (Figure 6a ). The absorbance difference between 378 and 400 nm as a function of concentration was used to determine the CMC (Figure 6b) . Obviously, hydrophilic PEG homopolymers could not form micelles in water as the PEG concentration increased. Both Copolymer-1 and Mixture-1 in water were self-assembled into micelles. Figure  6b shows that the CMC of Copolymer-1 at room temperature is 4.1 × 10 -4 g/mL and that of Mixture-1 is 3.1 × 10 -4 g/mL. The lowering of CMC of Mixture-1 compared with that of Copolymer-1 might be due to addition of relatively hydrophobic Copolymer-2 into relatively hydrophilic Copolymer-1. Figure 7 shows DLS results under different mix ratios in relatively low-concentrated aqueous solutions (0.5 wt %) at 20°C
. The micelle radius of Copolymer-1 was about 10 nm at 20°C . Upon addition of otherwise insoluble Copolymer-2 into Copolymer-1, the micelle radius and size distribution of the mixtures increased. It seems that an increase of the global hydrophobicity of block copolymer systems could enlarge micelles in our samples.
The change of micelle radius as a function of temperature at 0.5 wt % is shown in Figure 8 . In a temperature range of 10 ∼ 25°C, the average radius of a micelle of Copolymer-1 was almost constant at 10-11 nm. As the temperature increased up to 30 and 35°C, the micelle radius and size distribution slightly increased. At a higher temperature, the micelle radius increased to 25 nm. At the same concentration (0.5 wt %), the average radius of a micelle of Mixture-1 located at 11-12 nm over 10 ∼ 20°C; as the temperature increased, the significant increases in the micelle radius and size distribution were observed above 25 ∼ 40°C; at 45°C, the most of micelles were aggregated to 180 nm in radius and there was a small population of micelles with 50 nm. These results indicate that the ability of aggregation of Mixture-1 is greatly stronger than that of Copolymer-1.
Using 13 C NMR of Mixture-1 in D 2 O (20 wt %), more information of the local environments of blocks of amphiphilic polymers could be obtained (Figure 9 ). Below the sol-gel transition temperature (20°C), the sharp PEG peak and collapsed -CH 3 peak of PLGA indicate that the sample form micelles in water with PEG as corona and PLGA as core. At higher temperatures (33, 37, and 43°C) where the copolymer formed a hydrogel, the PEG peak was a little broadened and the -CH 3 peak of PLGA was just a bit increased. Such nonabrupt changes of the peaks reflect that the micelle structure was maintained during the sol-gel transition. At 55°C the PEG peak further broadened and the height of -CH 3 peak of PLGA was pronouncedly increased. The NMR measurement is consistent with (sol state), 33°C (near sol-gel transition), 37°C (gel state), 43°C (gel state), and 55°C (macro-phase-separated state). Before measurements, the solution was equilibrated for 20 min at the setting temperatures. The peaks close to 70 and 16 ppm come from the ethylene group of PEG and the methyl group of PLGA, respectively. The PLGA signal is very weak if these blocks are constrained in a hydrophobic micellar core.
Biomacromolecules, Vol. 10, No. 6, 2009 1551 the global observation of a precipitate. In this case, the core-corona structure of the polymers was destroyed due to phase mixing between PEG and PLGA, and the mixing led to an increase of PLGA signal and a broadening of the PEG peak. The physical gel was formed hierarchically via micellar nanoparticles. Copolymer-1 can only form micelles for the absence of physical gelation upon heating (only sols) ( Figure  10a ), while Copolymer-2, a globally more-hydrophobic amphiphilic block copolymer takes on macroscopic phase separation in water (Figure 10b ). The mixture might be a sol-like suspension at low temperatures and the radius of micelles might be increased due to the enhanced hydrophobicity (Figure 10c ). 13 C NMR experiments ( Figure 9 ) illustrate that the micelle structure maintained in the gel state. This evidence together with the micellar aggregation behavior (Figure 8 ) implies that the sol-gel transition might be attributed to the formation of a percolated micelle network (Figure 10d ), which is equivalent to an infinite micellar aggregate. The availability of micelles as building block of a thermoreversible physical gel has also been supported by thermogelling of core-cross-linked micelles of another amphiphilic block copolymers in our recent work. 48 The driving force of the sol-gel transition of PEG/polyester block copolymers in water comes from nothing but the hydrophobic interaction. The "inverse" gelling arises from the more significant effect of the hydrophobic interaction upon heating. The hydrophobic interaction originates from an entropy effect, and the influence of any entropy effect to free energy must be enhanced with increase of temperature. While the detail of the underlying thermogelling mechanism is still open, our study illustrates that the balance of hydrophobic and hydrophilic blocks might play a key role to exhibit an inverse thermal gelation in water for this kind of copolymers.
In Vitro Release of Lysozyme. The inverse thermogelling in water with a tunable gelling temperature affords a candidate of an injectable medical hydrogel. Taking lysozyme as a modern protein, we found that the mixture of a biological substance with our biomaterial was, at low temperatures, say 4°C, of low viscosity for injection and an injection at room temperature or body temperature after taking the sample from the refrigerator was available.
We further examined the in vitro release behaviours of the model protein lysozyme from the mixture hydrogels ( Figure 11 ). Not only sustained release of lysozyme but also low initial burst release (about 8% at the first three days) was found with both formulations with varied mix ratios of block copolymers. The release of proteins from these two hydrogels exhibited different profiles, demonstrating that mix ratios could also be taken as an adjustable factor of release profiles. Figure 11 also illustrates that, under an appropriate condition, an almost zero-order release could be achieved up to 1.5 months. In comparison to the high burst release (16-42%) and short duration (15 days, up to 70-90% lysozyme release) from single-component-polymer PLGA-PEG-PLGA hydrogels, 43 the mixture hydrogel can decrease the burst release to a low level (about 8% at the first three days) and increase the sustained release to a long duration (55 days, up to 65-80% lysozyme release). The difference may come from that of the compositions between these two hydrogels and, consequently, hydrogel properties such as modulus and degradation rate (not necessarily a result of mixture versus single-component polymer). Table 2 provides data of specific enzyme activities of lysozyme at the 45th day during in vitro release. Compared to fresh lysozymes, just a bit lowering of enzyme activity was found after encapsulated into and released out of our hydrogels after 1.5 months at 37°C. In contrast, naked enzymes experiencing the same process exhibited a significant decrease of activity. Therefore, our hydrogels not only did not damage active proteins, but also protected them well from denaturing.
Conclusions
It is the first report on thermogelling systems prepared by mixing synthetic polymers with nonthermogelling molecular a Note: The drug loading was 20 mg/mL. The case of control refers to lysozymes experiencing the same experimental process (20 mg in release buffer, at 37°C in oscillating water for 45 days). n ) 3. Significant differences were found between the control group and any one of other three groups. No significant differences were found among other three groups.
parameters. The sol-gel transition temperature could be tailored to a large extent merely by adjusting mix ratios. Micellar aggregation was thought to be involved in the sol-gel transition. The system is injectable, and the availability of physical gelling was confirmed both in vitro and in vivo. The in vitro tests illustrate that proteins could be well-encapsulated and protected from denaturing. The release rate could also be tuned by the mix ratios of copolymer mixtures, and an almost zero-order sustained release of lysozymes was achieved up to 50 days. As a result, our study affords a facile approach to obtain, based upon known polymers, novel injectable biomaterials potentially applicable in drug sustained release, tissue engineering, and so on. We expect that this finding might also trigger extension of gellable systems to other self-assembly amphiphiles beyond PEG/PLGA block copolymers.
